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Abst r act

Experinents are described for quasi-static |oading conditions and for
creep at zero, 500 (3.5) and 2000 (13.8MPa) psi confining pressure and at
22 and 60°. Al quasi-static test results were consistent with data from
ot her sources including unconfined and triaxial conpressive strengths,
ultimate strains, secant moduli during first |aboratory |oading and elastic
constants. In contrast, creep of Bryan Mund salt was anomal ous in that the
observed creep rates were one to two orders of magnitude smaller than the
typical creep rates of other rock salt of simlar purity subjected to the
same conditions of stress and tenperature. No tenperature effect was resol ved
on creep of Bryan Mund salt within the scatter of the data. Conparative
data for triaxial compression and extension suggest reductions in the
failure strains and changes in the failure nodes with increasing internediate
principal stress. These effects are attributed to differences in mcrofracture
networks. Mcrofracturing was observed optically and indirectly by measuring

acoustic emssions. The acoustic enmissions correlated directly with the

magni tude of the observed vol unetric strain.
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1° Y2’ 73 .
positive
€ys €55 € Engi neering strains (change of length)/(original length)--
1 3 contraction  positive
e)s &y © Natural or | ogarithnic strains (change i n length)/(current
1 3 length)
Y _e -e Shear strain
e=¢e +g¢g *tg Vol umetric strain
e, Strain parallel to cylinder axis (axial strain)
8 Di spl acenment
(o‘l - °3)u Utimte or maxi mum principal stress difference

(el)u, (e3)u, e Natural strain values corresponding to (cl -a,),

u

Ael, Ae, Ae3 Finite stress and strain increments
E, Secant  nodul us
E, v, U El astic constants (Young's nodul us, Poisson's ratio and

shear  nodul us)

The bulk of the data is expressed in English units consistent with SPR
project requests.
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[ ntroduction

Mechani cal properties of rock salt fromthe Bryan Mund dome are needed
for the design of twelve new crude oil storage caverns of the U S. Strategic
Petrol eum Reserve (SPR) program Tests on Bryan Mund material are part of a
I arger experinmental effort to 1) establish the response of rock salt from
different SPR sites, 2) incorporate the results of experinments into existing
constitutive nodels, 3) assess the fracture potential of rock salt adjacent
to the caverns and 4) establish a |likely correspondence between acoustic
emssion and rock salt fracture. In this report, a summary is given of nine-
teen tests in quasi-static conpression and in creep. Quasi-static tests were
conducted at zero, 500 and 2000 psi (0, 3.5, 13.8 MPa) confining pressure.
Creep experinments were carried out at 2000 psi (13.8 MPa) confining pressure.
Both groups of tests included triaxial conpression and triaxial extension

experiments at 22 and 60°C.

Site and Sanpl e Description

The Bryan Mund done is located in Brazoria County, Texas, two mles
SSW of Freeport and one half mle off the Gulf of Mexico. No geol ogi cal
description of the dome was available. However, verbal information and a
contour map indicate that the dome has a nearly circular horizontal cross
section with an alnmost flat top at 1000 to 1200 £t (312-375 n) depth bel ow
surface. The done diameter at 1200 ft (375 n) depth is approximtely 5500 ft
and increases to 7000 £t (2030 nm) at a depth of 4500 ft (1400 mj. The
smal | est and steepest average dip angles of the flanks appear to be 75° and
85° in the north and south, respectively.

Core was tested fromfour darillholes designated drillhol es 1074, 107C,
108B and 109A at three prospective cavern sites which are | ocated at | east 1300

ft (406 M fromthe flanks of the dome. Raw core dianeters were 4 inches (10 cm



throughout.  The core depth varied from2346 ft to 3964 £t (733-1239 m).
However, because of the flow history of salt domes, depth is al most un-
related to salt stratigraphy. Gain size varied between 0.08 in (2 m)

and 1.6 in (40 mj. Available core fromdrillhole 109A had the nost uniform
grain size with an average of 0.3 in (8 m), and it was free fromlarge
crystals exceeding 0.6 in (15 nmm), had a very uniformlight gray color and
exhibited no preferred fabric. Mterial fromdrillhole 108B was fine to
very coarse grained (grain size 0.04 to 0.6 inor 1 nmto 15 mj with a nean
grain size of 0.3 in (8 mj. Some of the 108B core contained 0.08-

0.2 in (2-5 mj wide, steeply dipping bands of dark, anhydritic salt at
angl es of 5 to15° from vertical. The distance between these bands ranged
from 0.2 in to 2 in (550 mj. Gains were elongated parallel to the dip
and to the strike of the anhydritic bands. The strongest elongation al ong

the dip of the bands produced grain axis ratios of 1.7 to 2.5.

Salt fromdrillholes 1074 and 107C was similar to 108B material in that
it had a rather nonuniformgrain size ranging from0.08 in (2 nmmj to nore than
1in (25 m). Large subhedral crystals were comon. Both sets of core appeared
to be relatively shattered, showed frequent cleavage and proved to be difficult
to machine. Mst of the core from drillhole 107C al so contai ned dark
steeply dipping, anhydrite rich bands which were simlar to but much nore
pronounced than those in the core of 108B. Banded and al npst pure salt
fromadrillholes 107C and 108B are conpared in Fig. 1.

Chemical and nineral ogical data were available only for material from

another drillhole, hole #109B (1). This material had a density of 2.17 g/cc

and contai ned approximately 93% of sodiumchloride and up to 6% anhydrite
Based on the gradations of color fromlight to very dark gray in other core,

it is assumed that the foregoing values are representative for all rock salt



which was evaluated in this series of experinments. Details of the conpositions
of core 109B and nore recent data for material fromother drillholes will be
discussed el sewhere

Additional core characterizations were conducted by means of ultrasonic
vel ocity measurenents in three directions parallel and perpendicular to the
core axes. Measurements were made along two dianmeters, approxi mately nornma
and parallel to the strike of the preferred fabric directions. The data ob-
tained are listed in Table | and indicate a slight material anisotropy in some

speci nens.

Sanmpl e Preparation

Al tests were performed on right circular cylinders. The specinmens
were obtained by cutting the raw core to length on a band saw (7.25 to 8.25 in;
18.4 to 21.0 cm and by finishing the ends on a surface grinder or, preferably,
on a lathe. The end faces were held flat and parallel to + 0.001 in. (0.025 m).
Alternatively, 3.5 in. (8.9 cn) dianmeter specimens were prepared by coring
raw core using a saturated brine for cooling and flushing. Mst recently,
cores were turned using a tungsten carbide braze tool, Carboloy AX-8, type 883
Qual ity sanples were machined with sharp edges and mninal chipping or

shattering.

Appar at us and Experinental Procedures

Strength/ Def ormati on  Experinents

Tests were carried out in two existing triaxial apparatus which were
described in an earlier report (2). These machines are suitable for quasi-
static and creep experinents both in triaxial conpression (02 = 03) and in
triaxial extension (g, = a,). Stresses are generated by means of hydraulic

fluid (silicon fluid) and by means of a cylindrical ramwhich acts parallel



Experimental  Results

Quasi - Static Tests

The quasi-static tests results are summarized in Figures 3 through 12
and in Tables IlIl and IV. The stair-step curves in Figures 3 and 16
are due to the special |oading procedure which was followed in all experinents.
Approxi mately constant nean |oading rates were approached by successions of
rapid |oad (stress) changes fol |l owed by periods during which the |oad (stress)
was held constant. The mean | oading rates which were obtained in this manner
varied between ls-&dg(cl -a,) <2psi/s (7-14 xPa/s). The snooth traces in
most of the figures are sinply fits through the end points of each |oad-hold
increment in the corresponding stair-step records. Tables Ill and IV list the
maximim (ultimate) stresses and strains, the secant moduli and the quasi-static
elastic constants.

Al of the quasi-static data obtained fall into the normal ranges of
rock salt properties. For exanple, the majority of published uniaxial conpressive
strengths lie between 2800 (19.3 MPa) and 3900 psi (26.9 MPa). The Bryan
Mound data in Figures 3 through 6 and in Table Il fall between the mddle
and upper end of that range. They are approximtely 10-25% hi gher than the
uniaxial conpressive strengths of selected core fram the Gulf Coast dones at
Tatum, Bayou Choctaw, Jefferson Island and Hockley (6-9). However, the
present uniaxial strength measurements are almost identical to results for
Vst Hackberry salt and for rock salt fromthe bedded Vel lington and Salado
f or mat i ons (2,10-12).

The sane trends hold for the ultimate stresses in triaxial conpression
tests and for the ultimte strains which corresponds to the peak stress val ues
(o'l - 53)u inTable Ill. It is noted that table entries ">" and "<" indicate
that the maximum stresses in several experinments lay below the ultimte

stresses or that the strain data are either upper or |ower bound estimates.
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Test 1.D_
Q/107A-3463/0/22
Q/107A-3967.5/0/60
Q/107A-396k4/2.0/22
Q/1094-2346/0/22
Q/1094-2348.5/0/60
Q/109A-2347/2.0/22
Q/109A-2350/2.0/60
QE/1094-2351/2.0/22
Q/108B-3332/0/22
Q/108B-3316.5/0.5/22

QE1/108B-3326/2.0/22
QE2/108B-3326/0.5/22
Q/107¢-2509/0/60

"(e)um value determned from sanple dinmensions :in nore advanced state of failure.

Table 111

Maxi mum Stresses and Strains in Quasi-Static Tests,

Subscripts u Pertain to Utimte Stress and Strain

Val ues. (e)ym is Volunetric Strain Calculated From
Final  Specinen Dinmensions.

(o7 - 03)y O (-e3)y (Vg
(psi) (%) (%) (%)
3770 2.15 2.68 4,83
3500 4,30 6. 20 10. 40

11,000 = 31.3 > 16.4 2 47.8
3780 2.85 3.16 6.00
3530 4.74 5.59 10. 23
9,900 =29.6 >13.7" > 43,2t

~ 8070 735.2 716.8 750.0

7 7250 7 5.10 7 8.73 7 13.83

3280 1.80 4.20 6.0
7250 7 13.1 7 7.8° 7 20.9°
>13.1 7 8,57 >21.7t

74800 7 .96 <19 72.9
7250 3.49 9.18 12,75

3760 5.7 6.3 12.0

ka(e3), yande abnormal |y |ow because of possible dilatoneter |eak.
°pata based on dilatonetric neasurements

*Data based on disk

gauge neasurenents.

"Sum of strains accumulated during two successive extension experiments.

(o),
&)
-3.22

-8.00
<-1.6
-3.46
-6.43
<-1.1%
<- .36
< 1.48
-6. 60

< -2.40
<-3.9%

< 0.02

-2.2¢°

-7.0



Summary of U trasonic Velocity Measurements Prior to Laboratory Testing

Table |

Sample 1.D
(Drilihole #-Depth, ft.)

107A-3965
1094-2351
108B-3316.5
108B-3324
108B-3325
108B-3326
108B-3331
108B-3332
107C-2504.5
107C-2506
107C-2507
107C-2509
107C-2512

107C-2516

P- Wave Vel ocity (103 £4/s)

S-\Wave Vel ocity (103 £t/s)

Direction Direction
Axial Lateral 1 Lateral 2 Axi al Lateral 1 Lateral 2
1414 eeeee emeee _— ——-
14.21  mmmem e S — ———
14.91 15.01 15.01 8.03 8.03 8.13
14,27 15. 39 15. 39 8.29 8. 38 8.13
16. 26 15. 68 16.06 8.38 9.18 8.93
14. 37 14.56 15. 33 8.10 8. 61 8.74
14. 66 14. 63 13.95 8.54 8.67 8.67
15.71 16.90 16.90 7.90 8.58 8. 80
12,96 14.21 14.94 7.65 9.31 9.02
14. 37 15. 68 15. 68 8.29 8.13 8.35
15. 14 15.71 15.71 8. 38 8. 48 8.61
14.72 15.74 15.74 8.42 8.61 9.34
13.60 13.82 14.18 7.39 6. 69 6.91
13.86 15. 33 14. 53 7.78 8.45 8.32



to the specimen axes. Fluid pressure and ramload are regul ated by neans
of an increnmentally servo-controlled pressure intensifier and a conbination
of a punp and large gas-filled accumulators.

Prior to testing all sanples were coated with RTV silastic and encl osed
ina flexible elastoner jacket between two stainless steel end-caps. The
jackets isolated the specinmens fromthe surrounding pressure fluid with
negligible restraint on specimen deformation. It was also easy to penetrate
the soft jackets to accommopdate special fixtures to nonitor sample deformation
acoustic emission or ultrasonic velocity.

Ram force was nonitored by neans of a |oad cell external to the pressure
vessel. Fluid pressure was nmonitored with standard transducers. Axial salt
deformation was deternmined with the aid of two diametrically opposed LvDT's
(Linear Variable Differential Transformers) after suitable calibrations to
account for system deformations within the active gauge length (3). Latera
deformation was determned by neans of one or two disk gauges or it was
measured dilatometrically (3,4). |If the fluid pressure in the vessel remained
constant, both techniques were wused sinultaneously.

Acoustic Em ssion Measurenents

Acoustic enissions (AE) were detected and counted in a standard way (5).
The piezoelectric transducers used were 0.5 in (13 m) dianeter disks of PZT-5
with a resonant frequency of .5 MHz. To ensure good acoustic contact with the
sanple, a special transducer holder was machi ned which rested directly on
the salt but allowed the signal cable to pass through the rubber jacket
surrounding the sanple. The resultant signal was anplified 1000 tines by
an Acoustic Enission Tech. anplifier with a bandwi dth of ,125-2 MHz, The
output noise |evel was approximately 50 mv. Acoustic em ssion events generated

single anplitudes of 100 mv to several volts. The detection of the real



signal in the presence of noise was done in two stages. First, a variable
threshol d conparator was used to determine when the signal crossed some preset
level that lay above the general noise, Then a counter was triggered by each
successive level crossing in the signal. Only if 10 ecrossings occurred within
20 us was the event considered real. Following the detection of an event

the detector was turned off for 1 ms to avoid generating another count fromthe
sonetimes lengthy AE signal. At the observed count rates of less than 10 or

20 per second, the 1 nms dead time did not distort the count rates. After
detection, the count was recorded on a counter for total acoustic enission

and on a nultichannel scalar for time resolved AE activity.

Dat a Reducti on

Al data reductions were performed on a PDP 11/34 conputer. Details
of this procedure are documented in a separate report (3). Therefore, only
a few comments are necessary to aid the evaluation of the present
results. Because stresses and strains were calculated fromindirect neasure-
ments, care was teken in elininating extraneous effects in the determination
of the average axial stress and in the calculation of specinmen strains. Axia
stress cal culations fromneasurenments of the ramload P (Fig. 2) nust consider at
least two phenonmena. |f the rock undergoes |arge deformations, it changes
substantially in cross-sectional area fromits undeformed value 40 to AR
while the area of the loading ram AP remains essentially fixed. In addition,
a zero shift of the load cell that measures P may occur during the heating phase
in experinents at elevated tenperature. Both of these effects, change in sanmple
area and thermally induced zero shift of the load cell, were accounted for in

the expression for the true axial stress

a=CP+[(P-PR - (CP-SR)-AP]/AR (1)



CP denotes the radial pressure during deviatoric loading. PR is the
reaction of the warmload cell to the initial hydrostatic pressure SR
Axial strain calculations are straightforward in principle. The main
step is the elimnation of the displacement contributions of several steel
parts within the active gauge length. Inspection of Figure 2 reveals that

for conpression

o™
]

1
75 (8 -8, - 8,1) (2)
For extension

5 (6 + 6, +6) (3)

o
]

&y denotes engineering (axial) strain. LO is the undeforned specinen Iength.
The remaining quantities are
§: total displacenent between gauge points A and B during deviatoric
loading (Fig. 2).
&_: change in length of the pressure vessel, i.e., shift in the location
of reference point B due to a pressure change (CP-SR.
ol change in length of the |oading piston and end-caps, i.e., shift in
location of reference point A due to changes of the ramforce (P-PR)
and confining pressure (CP-SR).
5, and 6pl are determined by calibrations and checked theoretically.

Because of the magnitude of the strains, engineering strains were |ater

converted to natural strains according to the equations

(U]
|

= -4n(l + ‘el‘) (&)

[0
|

= (3 + o) (5)



Y = ey -‘-13 (6)
e=e) +R, +ey (7)

vy and e are shear strains and volunetric strains, respectively. Finally,
the secant moduili and the elastic constants of rock salt under deviatoric

loading were computed as follows. For triaxial conpression at constant con-

fining pressure, o3

AC
g -1 (8)
1
\Ae3_\
T pe (9)
1
For triaxial extension at constant axial stress, a3
ot
E= —:11 (10)
Ael + §(Ae3)
* (11)
VvV =
2[\el + Ae3

The symbol A denotes corresponding finite stress and strain increments.

Test  Matrix
The experimental conditions for the eighteen tests of this report are
listed in Table II. The test I.D. in the first colum of Table Il identifies
all pertinent experinmental paranmeters in the followng formt: nomi nal
specinen diameter (in.), type of test (Q QE, C or CE) and test stage/

drillhol e number-depth of core (£t)/confining pressure, o3 (ksi)/test



Test I.D
4q/107A-3463/0/22
3.5Q/107A-3967.5/0/60
4Q/107A-3964/2.0/22
3.5C1/107A-3966/2.0/60
3.5C2/107A-3966/2.0/60
3.5CE/107A-3965/2.0/60
4Q/109A-2346/0/22
4Q/109A-2348.5/0/60
LQ/109A-2347/2.0/22
3.5Q/109A-2350/2.0/60
3.5QE/109A-2351/2.0/22
4q/108B-3332/0/22
3.5Q/108B-3316.5/0.5/22
3.5QE1/108B-3326/2.0/22
3.5QE2/108B-3326/0.5/22
4q/107C-2509/0/60
Q/107C-2504/2.0/22
Lc/107C-2507/2.0/22

3.5CE/107C-250k,5/2.0/22

Table |

Test Matrix

Test Description

22°%

60°¢c

Unconfined quasi-static conpression, T
Unconfined quasi-static conpression, T =

Quasi-static triaxial conpression, oy = 2000 psi, T = 22%

Triaxial conpression creep, o5 = 2020 Psi, (gy - 04/ =1470Ppsj, T = 60°
Triaxial conpression creep, o3 = 2000 psi, (°1.’ a,) =3135 psi, T= 60°C

(0, -a) =3020psi, T= 60°c

-~

Trisxial extension creep, 03 = 2000psi ,

Unconfined quasi-static conpression, T = 22°¢

Unconfined quasi-static conpression, T = 60°C

Quasi -static triaxial conpression, o3 = 2000 psi, T = 22%
Quasi -static triaxial conpression, oy = 2000 psi, T = 60°c
Quasi -static triaxial extension, gy = 2000 psi, T = 22%

Unconfined quasi-static conpression, T = 22°%

Quasi -static triaxial conpression, o3 = 500 psi, T = 22%
Quasi -static triaxial extension, gy = 2000 psi, T = 22%
Quasi -static triaxial extension, O3
Unconfined quasi-static test, T = 60°C

= 500 psi, T = 22°

Quasi -static triaxial conpression, o3 = 2000 psi, T = 22°%¢

Triaxial conpression creep, oy = 1990 psi, (c1 - 03) = 2990 psi, T = 22°%

Triaxi al extension creep, g, = 2000 psi, (oy - o,) =2990 Psi, T = 22°¢
3 1 3



tenperature (°c). Q and QE denote quasi-static triaxial conpression and ex-
tension tests, respectively. C and CE refer to creep tests in triaxial com
pression and extension. Successive test stage nunmbers are used if nore than
one experiment was perforned on a given sanple. Thus, the code 3.5QE2/108B-
3326/0.5/22means: nominal sanple dianeter 3.5 in., quasi-static extension
experiment, second test following an earlier experinment on the same sanpl e/
drillhole 108B-core depth 3326 ft./confining pressure oy = 0.5 ksi/test
tenperature22°, For sinplicity, the nominal specimen diameter will be
omtted in all subsequent tables.

The choi ce of experimental conditions in Table Il was notivated by
four considerations. (1) Obtain data which can be conpared directly with
published results for rock salt fromother |ocations, (2) Establish the
variability of the mechanical properties of Bryan Mund core from different
parts of the dome, (3) Evaluate the influence of tenperature and confining
pressure on the strength, ductility and creep properties of Bryan Mund material,
and (4) Ascertain differences in rock salt response between triaxial conpression
and triaxial extension.

Limted core footage and limted time made it inpossible to devise an
all-enconpassing test mtrix. Therefore, the list in Table Il constitutes
a conpromise by which, for exanple, the uniaxial conpressive strength at 22°%
was conpared in spot checks on sanples fromdrillholes 1074, 108B and 109A.
In turn, the unconfined rock salt response at 60°c was measured on sel ected
specinmens fromdrillhol es 1074, 107C and 109A but not 108B. The duration
of creep experiments was determined prinmarily by a conmbination of SPFR
schedul es and by the availability of test facilities during the period of

this study.



the abnormal response of Bryan Mund core is due to the unusual nature of the
inpurity distribution, Apparently, alnost all of the anhydrite is contained
as disseninated intracrystalline as opposed to intercrystalline inpurities.
Further experimental work is suggested to resolve sone of these questions.
In the neantine, it appears that the use of constitutive data for rock salt
fromother locations is likely to overpredict the time-dependent deformation
in salt at Bryan Mund.

The results in Table VII1 were obtained by fits to the axial specinen
strains €y which are always largest and, therefore, least susceptible to
experinmental errors. These axial strains can be converted readily to shear

strains using
Y = el - e3 =) 3/2 ‘ex‘ (15)

with e, =€

> =63 in conpression and e, = e in extension provided

1

= +A
e=e s +e

1 ~ 0

3

This latter condition is approximtely satisfied in nost creep experinents

on rock salt in the sense that the shear strains are very much larger than

the volunetric strains. However, this does not inply that the volunetric
strains are exactly zero. Although difficult to resolve, conparatively snal
vol une changes are inportant to assess the creep fracture potential of rock
salt. Fast experiments suggested that the volumetric strains are considerably
smaller in triaxial extension than they are in triaxial conpression. This
same trend is suggested by the data in Fig. 15. At the same time, physica
observations provide direct evidence that very small (negative) volume changes

during creep may be caused by large nunbers of microcracks as possible

21



£T

Tabl e

Summary of Secant Moduli of Bryan Mund Salt Upon First Laboratory

Loading and List

Secant Mod. (105 psi)/Princ. Strain Ratio
500 < (ol - a3)(psi) < 2000

Test |.D

of

El astic Constants

Has“((fo ‘Unl oadi ng)

E(10 psi)/v

Q/107A-3463/0/22
Q/107A-39%67.5/0/60
Q/107A-396L /2.0/22
Q/1094-2346 /0 /22
Q/1094-2348.5/0/60
Q/109A-2347/2,0/22
Q/109A-2350/2.0/60
QE/109A-2351/2.0/22
Q/108B-3332/0/22
Q/108B-3316.5/0.5/22
QE1/108B-3326/2.0/22
QE2/108B-3326/0.5/22 %
Q/107¢-2509/0/60

*Test preceded by earlier

4.34/0.90
2.03/0.94
10.8/0.ko
2.02/1.06
1.47/1.07
4.51/0.47
3.2/0.42

4.12/0.40
2.72/1.30
3.46/0.58
6.6/0.51

1.52/0.99

| aboratory history.

5.05/0.31
5.0/0.36

5.14/0.50

4.36/0.37
3.2/0.27

3.4/0.32

IR - I

L
I

l.g 38

v L2
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Table V

Average Dynamic Elastic Constants for Rock Salt From Drillhol es
107A, 107C, 108B and 109A Based on U trasonic Velocity Data in
Table Il and Density p = 2.17 gm/ce.

Core Direction

Axial Lateral Lateral
El astic Mdul us 5.14 5.57 5.24

E (20° psi)
Poi sson's  Ratio 0.28 0.28 0.28

\%



Little difference is indicated in the response of salt fromthe four
different drillholes although the core 109A was purer, considerably nore
homogeneous and free from anhydritic bands which were common in the remaining
holes. Geater ductility at higher tenperature tends to obfuscate conpletely
subtle differences in mechanical response due to variations in rock salt
conposi tion and texture (Figs. 4-6and 12).

The effect of confining pressure at 500 psi (3.5MPa) and 2000 ps
(13.8 MPa) is consistent with published results. Simlar data are
avail able for salado salt and for done salt from Hockley and Weeks I|sland
(9,10,13). The sane conclusions apply to the secant moduli and to the quasi-
static elastic constants in Table IV. The two |ow val ues of E ~ 3.3X 106 psi
(22.8 GPa) were neasured on the sane sanple. The remaining values fall between
the bounds 4.36 x 106 < E < 543x 106 (30.1to 37.4 GPa) psi and 0.27 < y <
0.37 (0.50). No satisfactory explanation can be offered for one exceptionally
hi gh val ue of Poisson's ratio, v = 0.50 in test QE/109A-2351/2.0/22, Mbdul us
measurements in uniaxial tests were onmitted because they were linmted to post-
peak val ues which are |ower than the intrinsic elastic constants. For com
parison, the average dynam ¢ elastic constants parallel to and perpendicul ar
to the core axes are conpiled in Table V based on an average rock salt density
of 2.17 glcc. Cose agreement between the static and elastic dynamc elastic
constants supports the assunption that |aboratory experimental data can be
used to evaluate the response of rock salt in situ,

Three quasi-static extension experiments were performed. The results at
2000 psi (13.8 Mpa) confining pressure agree with earlier data for Vst
Hackberry material. Sanples from West Hackberry and Bryan Mound exhi bited
essentially the same shear response in conpression and extension but showed

systematic differences in volunme strain behavior (e.g., Figs. 10-12). Al though

15
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fracture did not occur at 2000 psi (13.8 MPa) confining pressure, the differences
in volumetric strains between conpression and extension suggested that the
ultimate stresses and failure nodes might be different as well. Contrary to
expectation, however, core fromdrillhole 108B had the same ultimte stress

in conpression and extension at 500 psi (3.5 MPa) confining pressure, and the

volunetric strains appeared to be simlar within the uncertainty of the measurenents

(Table I11). Nevertheless, at |east the shear strains to failure and the
fracture nodes differed markedly. Extension fracture occurred at approxi mtely
hal f the shear strain observed at failure for conpression (Table Il1).

Also, extension failure took place very suddengly along a single,

sharply defined extension fracture parallel to the direction of greatest com
pression, g, = oy Triaxial conpression failure was nore gradual and stable.
The difference in failure mode was related to a difference in the preferential
alignment of microfractures which was evident both in quasi-static conditions
and in creep (Fig. 13). Future experinents will pursue these fracture
observations. Efforts will also be made to resolve the problem of obtaining
representative radial deformation nmeasurements which are critical for valid
volumetric strain calculations. This problemis denonstrated by the conparison
of data for test @/108B-3316.5/0.5/2 in Table I11. A 10 percent difference

in radial strain €, produced a di screpancy of nore than 60 percent in the
calculated volumetric strain. The differences in e, are likely to

be the result of shortcomings in measurenent techniques. Disk gauge
measurements were restricted to at nost two diameters and, therefore, subject
to local inhomogeneities in the strain field (14). On the other hand,

strain data based on dilatonmetric measurenents provide averages over the

entire specimen length including the ends. Therefore, dilatometric measurenents

reflect the contribution of end restraints, particularly as macroscopic fracture

ensues,



Oreep  Experinments

The creep data obtained are shown in Tables VI and VIl and in Figs.
14 and 15. The true stress was maintained constant in three of the five
tests to within no nore than + 50 psi (0.3 MPa). However, difficulties were
encountered in the stress control during the remaining two experiments.
Begi nni ng at the 140th hour of test ¢/107C-2507/2.0/22 the average principa
stress difference dropped by 35 psi (0.2 MPa). In the same test, excursions
of plus or minus 100 psi (0.7 MPa) occurred in (cl - 03) during the 180th,
235th and 245th hour of testing. An even nore drastic stress variation
was encountered in test CE/107A/2.0/60 between the 10th and 33rd hour of the
experiment.  The confining pressure dropped by 380 psi (2.6 Mpa) resulting in
an al nost equal increase in the principal stress difference and in a very
distorted record of primary creep strain versus time (Fig. 14). Finally, it is
noted that the initial strain of test ¢c2/107A-3966/2.0/60 was i nfluenced by
creep during an earlier test at a |lower principal stress difference (Tables |
and VI) and that doubtful radial strain measurenments were collected in that
experinent.

A cursory interpretation of the present creep results was based on severa
assunptions which were invoked and tested in other studies on rock salt
creep (15-17). First, it was assumed that salt creep was due to primary,

transient creep, e as wel | as secondary creep éxs which fit the relationship

w8 b (22)
and

erp =e_ (1 - exp(-gt)) (13)

17
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Test I.D.
C1/107A-3966/2.0/60
C2/107A-3966/2.0/60
CE/107A-3965/2.0/60
¢/107¢-2507/2.0/22

CE/107C-250k4 .4 /2,0/22

Table W

Summary of Data From Creep Experiments. Quantity &, was Deternined
From Li near Least Squere Fits to Experinmental Data Over the Last 4O
to 50 Hours of Each Experinent.

Initial Mn. Cbserved

(e ) | oadi ng Test Initial Strains Axial Ceep Rate
1" 39 93 Rat e Dur ati on o (B, & (107%17s)
(psi) (psi) (psils) (hrs) 1 3 X

1470 2020 130 410 A7 034 0.252

3135 2000 120 332 .33 .093 2.20

3020 2000 25 457 37 .78 0.91

2990 1990 75 280 .25  L,12 2.75

2990 2000 26 264 160 .39 1. 24
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Table VI

Fitting Parameters for Axial Creep Strains, e,

e, =€
X

X [o}

(time t i N seconds)

+ exa(l - exp(-€t)) + ‘%St

Test I.D. Paraneter  Val ues
e e
_xo xa £
C1/107A-3966/2.0/60 9.LL4E-L 1.57E-3 5.46E-3
C2/107A-3966/2.0/60 1.79E-3 2.823-3 6. 12E-6
CE/107A-3965/2.0/60 1.38E-3 5.38E-3 1.79E-3
¢/107¢-2507/2.0/22 5.60E-3 3.46E-3 9.86E-6
CE/107C-2504.5/2.0/22 2.68E-3 1.98E-3 1.19E-5

X8

3.63E-10
2.023-¢
2.26E-9
3.823-¢
1.97E-9
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Furthernmore, secondary creep was described by an equation for diffusion
control | ed creep (18),

&5 = A exp(-Q/RT) <ﬁ—u—°3>n (1%)
The paraneters o’ Sxa’ & and éXS were obtained for the largest linear (axial)
creep strains by means of nonlinear |east square fits and are summarized in
Table MII. It is enphasized that these data have not been corrected for likely
effects of strain and | oading histories including differences in initial
loading rates (Table WI). The stress exponent n in Equation (14) was determ ned
to be 2.27 fromthe secondary creep rates of the two-stage experiment at 60°c
in Tables VIl and MII. Wthin the data scatter no tenperature effect was
observed so the activation energy Q remains unknown.

A conparison of the present data with published results creates several
difficulties. Mst strikingly, the available secondary creep rates for Bryan
Mound core are one to two orders of magnitude smaller than typical secondary
creep rates for rock salt reported elsewhere. In addition, no temperature effect
was evident within the considerable scatter of the data at 22 and 6ooc, and
the stress exponent n = 2.27 conpares with a typical‘value of na~5 (17).

The discrepancy in n nmight be due to the fact that steady state creep was
not actually attained in one or both experiments. However, to raise n from
2.27 to 5 would require a large, significant increase in the ratio of the
creep rates (éxs) for the first two creep tests in Tables VI and VI

Al'though it is dangerous to generalize the small nunber of results of
this study, the combination of observations suggests that Bryan Mund salt
mght be less prone to creep than, for exanple, rock salt fromthe West
Hackberry dome. No satisfactory explanation can yet be offered for this

behavi or.  However, unpublished petrographic data (1) raise the possibility that



precursors to time dependent fracture unless microfracturing i s balanced by
subsequent crack healing, Exanples of a microfracture network i triaxial
extension at gy = 2000 psi and 60°c are shown in Fig. 13

Acoustic  Em sSions

Acoustic em ssions were monitored in one test, Q/1088-3316.5/0.5/22.
These results are shown in Figs. 16 and Figs. 17 and denmonstrate direct
correlations between acoustic em ssions and inelastic deformation of rock
salt. Specifically, Fig. 17 shows a one-to-one correspondence between
acoustic emssions and volumetric strain. This correspondence indicates that
acoustic emssions are due to mcrofracturing, i.e., void formation or
alternatively, that mcrofracturing is common in rock salt at |ow confining
pressure and tenperature. Mcrofracturing and acoustic enissions occur at
relatively low principal stress difference and are surprisingly pronounced
during stress reversals. The AE activity during unloading (Fig. 16) is
attributed to the effect of inhomogeneous inelastic deformations. This view
is consistent with the observation that the nunber of AE events during
unl oadi ng appeared to increase with increasing inelastic strain. Little or
no acoustic emssion activity was recorded during reloading until close to the
poi nt of maxi mum stress which had been reached previously. Based on the quality
of the acoustic emission neasurenents during this study, it is planned to
utilize these measurenments routinely to nonitor damage accumul ation under a

wi de variety of experimental conditions

Sunmary and  Concl usi ons

Fourteen quasi-static experiments and five creep tests were described
together with the results of ultrasonic velocity and acoustic em ssion
measurements.  The quasi-static behavior of Bryan Mund salt was normal conpared

with published material properties for rock salt fromother [ocations, including



dome salt and bedded salt. Noticeable differences in texture and the
presence of anhydrite rich bands had no major influence on the unconfined and
triaxial conpressive strength, the ultimte strains, the secant moduli during
first laboratory loading and the elastic constants. Tenperature change from
22 to 60° resulted in increased ductility and in an approxi mately 25% drop
in the peak stress. No significant differences were observed between results
from four different drillholes

Contrary to the consistency of all quasi-static data, creep of Bryan
Mund salt was anonalous. Based on the snmallest observed creep rates and
based on data fits to a conbined primary/secondary creep nodel, creep was one
to two orders of magnitude slower than the creep of rock salt reported
el sewhere. No tenperature effects were evident within the scatter of available
data at 22 and 60°c. Finally, the observed stress dependency of secondary creep
was given by a stress exponent of n = 2.27 which is considerably smaller than
the normal value of n ~ 5 for data gathered under sinilar experinental
conditions and fit to the same equations

Conparative results in triaxial conpression and extension are not totally
conclusive. However, in spite of limted results it appeared that the change
of the internmediate principal stress fromthe condition o, = 03 to o =0,
led to a change in the geonetry of induced nicrofracture networks. As a
result, the rock saltbhecame nmore brittle, fracture occurred at smaller
strains in extension conpared with the failure strains in conpression and the
fracture node changed from multiple, conjugate fractures which were inclined
to the direction of greatest conpression, oy to a single extension fracture

parallel to o

23
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Acoustic enissions were nonitored in one experinment with excellent
results and direct correlations between AE activity, shear strei.. and vol umetric
strain. Volumetric strains were small in creep. Nevertheless, creep still
led to the devel opment of nicrofractures even in an extension experinent at
2000 psi (13.8 Mpa) confining stress and 60°¢ tenperature. M crofracturing
may change the perneability of rock salt and may be a precursor to creep

fracture.
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Figure 1:

Banded Salt Unbanded Salt

Rock Salt From Bryan Mound Done Wth and Wthout Steeply
Di ppi ng Anhydrite R ch Bands Accentuated by Back-111um nation.
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Figure 2: Schematic of Sandia Triaxial Apparatus Show ng Reference
Points A, B for Axial Displacement Measurement §.



Figure 3:

Figure k:
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Figure 5:
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Figure 10:
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